Quasi-equivalent viruses that infect animals and bacteria require a maturation process in which particles transition from initially assembled procapsids to infectious virions. Nudaurelia capensis ω virus (NωV) is a T = 4, eukaryotic, single-stranded ribonucleic acid virus that has proved to be an excellent model system for studying the mechanisms of viral maturation. Structures of NωV procapsids (diameter = 480 Å), a maturation intermediate (410 Å), and the mature virion (410 Å) were determined by electron cryo-microscopy and three-dimensional image reconstruction (cryoEM). The cryoEM density for each particle type was analyzed with a recently developed maximum likelihood variance (MLV) method for characterizing microstates occupied in the ensemble of particles used for the reconstructions. The procapsid and the mature capsid had overall low variance (i.e., uniform particle populations) while the maturation intermediate (that had not undergone post-assembly autocatalytic cleavage) had roughly two to four times the variance of the first two particles. Without maturation cleavage, the particles assume a variety of microstates, as the frustrated subunits cannot reach a minimum energy configuration. Geometric analyses of subunit coordinates provided a quantitative description of the particle reorganization during maturation. Superposition of the four quasi-equivalent subunits in the procapsid had an average root mean square deviation (RMSD) of 3 Å while the mature particle had an RMSD of 11 Å, showing that the subunits differentiate from near equivalent environments in the procapsid to strikingly nonequivalent environments during maturation. Autocatalytic cleavage is clearly required for the reorganized mature particle to reach the minimum energy state required for stability and infectivity.
INTRODUCTION
Virus maturation is the process by which a particle transitions from a fragile, non-infectious procapsid to a robust, infectious virion. This process is observed universally in animal viruses and bacteriophage and is a target for antiviral development (Salzwedel et al., 2007) . Nudaurelia capensis ω virus (NωV) is an exceptionally accessible system for the study of virus maturation, and we use it here to characterize the details of conformational changes associated with particle transitions as well as the dynamic character of individual intermediates.
N. capensis ω virus is a T = 4, icosahedral insect virus with a bi partite, positive-sense ribonucleic acid genome. Procapsids of NωV are fragile, round, and porous with a diameter of 480 Å. They are comprised of 240 copies of a 644-amino-acid capsid protein subunit. Procapsids can be made by expressing the capsid protein gene in a baculovirus system and purifying particles at neutral pH (Agrawal and Johnson, 1995) . NωV is valuable for investigating the conversion from procapsid to capsid because lowering the pH to 5.0 triggers the transition that results in a 410-Å diameter capsid. The full length subunit, α, undergoes an autolytic cleavage, with a half-life of 30 min, that begins immediately following capsid formation and occurs between residues N570 and F571, creating the β protein (1-570) and the γ peptide (571-644). The γ peptides remain associated with the capsid in a non-covalent manner. Auto-proteolysis induces changes that result in a more robust virus particle that does not expand when the pH is raised. A mutant form of NωV (N570T, hereafter referred to as "NT") forms 480-Å diameter NT procapsids and converts to 410-Å NT capsids at pH 5. NT is unable to undergo auto-proteolysis and will revert to the 480-Å form upon restoring to neutral pH (Taylor et al., 2002) .
The formation of an infectious virus must overcome two apparently conflicting biophysical principles: reversibility and stability. Most intracellular protein complexes marginally favor assembly over disassembly as this produces a self-correcting and accurate association process as well as marginal stability that are appropriate for their transient existence. However, viruses must survive harsh, extracellular environments that would disintegrate particles made with reversible interactions. If initial subunit interactions were strong enough to produce a robust particle, they would be unable to self-correct, and kinetic traps would inhibit accurate particle formation (Zlotnick and Mukhopadhyay, 2011) . The solution that provides flexibility for proper assembly and stability in the virus results from a staged association process (i.e., maturation). Nearly reversible interactions of protein subunits initially form a procapsid with subunits properly positioned, and this is followed by a chemically encoded transition to a robust virus particle.
NT procapsid, NT capsid, and wild type (WT) capsid structures were previously determined at resolutions of 8, 6, and 6 Å, respectively, by electron cryo-microscopy (cryoEM) (Tang et al., 2009) . Subunit environments in these particles were quantitatively analyzed by fitting an atomic model (Tang et al., 2009) to the 8-Å cryoEM reconstruction of the procapsid and by analyzing the X-ray model of the WT capsid. Here we show that superposition of the quasi-equivalent (Caspar and Klug, 1962) procapsid subunits by rigid body rotations, with quasi-symmetry axes passing through the center of the particle, yields an overall atom root mean square deviation (RMSD) of 3 Å. Icosahedral symmetry relates asymmetric units in the capsid with zero RMSD. Thus, quasi-symmetry relates subunits in the procapsid with nearly the same RMSD as icosahedral symmetry indicating closely similar, quasi-symmetric environments. We then performed dynamic analysis of the procapsid cryoEM images using a maximum likelihood variance (MLV) method (Wang et al., 2013) , and this revealed that the entire particle had nearly the same, moderately low variance, consistent with the homogeneous subunit environments. A maturation intermediate (mimicked by the NT capsid that has not undergone autocatalytic cleavage) and the fully mature particle (WT capsid) are structurally indistinguishable at pH 5 at 6-Å resolution. Geometric analyses of these particles revealed breakdown of quasiequivalence, as average atom RMSD values were 11.4 Å. MLV analysis showed that the variance of the mature particle was, on average, one fourth to one half of that of the NT intermediate. This observation demonstrates that, at pH 5, NT capsid is a metastable particle with sufficient stored energy to drive the autocatalysis associated with the final stage of maturation.
MATERIALS AND METHODS

Geometric comparison of subunit environments in the procapsid and capsid
The crystal structure of the mature virion (PDB code: 1OHF) was fitted previously to the NT procapsid and WT capsid cryoEM density maps (Tang et al., 2009) . A subset of the atomic coordinates (residues 124-530) corresponding just to the core jellyroll motif and the Ig-like domain were selected for analyzing the quasi-equivalence of the neighboring subunits in the fitted models. The rotation matrices that minimized the RMSD of the quasi-equivalent subunits were computed in two different ways. The first method (Method 1) measured the deviation of the particle from a sphere by constraining the rotation axes of the quasi-symmetry elements that minimized the backbone RMSD, to pass through the center of the particle. The second method (Method 2) minimized the RMSD values between quasi-equivalent subunits in a manner comparable to that achieved by modern protein super positioning algorithms such as incorporated into LSQMAN (Kleywegt, 1996) or as devised by McLachlan (McLachlan, 1982) . This approach implicitly allows for translation by placing no constraints on the direction and location of the quasi-symmetry axes (i.e., this allows six degrees of freedom).
The RMSD values for all super positions are closely similar, deviating only by differences in the tertiary structures of the four independent subunits (ranging from 0.4 to 1.5 Å). With Method 2, quasi-equivalence is analyzed not by RMSD but by comparing the orientations and positions of the axes that relate the subunits.
Variance map calculations
We used cryoEM images from three previously recorded NωV data sets (Tang et al., 2009) to generate structures and variance maps with the MLV program. The reconstructions closely resemble the reported structures, albeit at lower resolution (22 Å for both the NT procapsid and capsid, and 15 Å for the WT capsid) owing to the computational demand of the MLV algorithm that restricted both the number of images used during reconstruction and the number of icosahedral harmonics (Wang et al., 2013) . Briefly, the three-dimensional electron scattering density is represented as a weighted sum of basis functions. Instead of treating the weights as numbers and estimating the numbers from the image data, the weights are treated as Gaussian random variables and the means and covariance of the weights are estimated from the image data. The maximum likelihood estimator is computed by an expectationmaximization algorithm. From the means and covariance values of the weights, the space-varying mean and the space-varying variance of the electron scattering density can both be computed at every voxel in the reconstructed density map. The space-varying mean is the nominal reconstruction, and the space-varying variance (or its square root, which is the space-varying standard deviation) describes the heterogeneity of the particle ensemble. To understand how conformational flexibility is distributed within each subunit, the flexibility (quantified as variance) was determined at each amino acid residue of the X-ray model. Specifically, the variance at voxels within 10 Å of the C-alpha carbon of the amino acid residue was averaged, and the average is the variance value assigned to that residue. The standard deviation (square root of the variance) was computed, scaled to the range of 25-45, and put into the B-factor column in the subunit coordinate file from which Figures 3 and 4 were computed. The variance maps from the different data sets were placed on the same overall scale with the following procedure. Each reconstruction was scaled to the WT capsid reconstruction by determining a gain, which minimizes the integrated absolute value of the difference map as described (Wang et al., 2013) . The variance map corresponding to that reconstruction was then scaled by the square of the gain in order to place all variance maps on the same scale. Chimera (Pettersen et al., 2004) was used to render the variances from low to high using a blue to red rainbow color scheme.
RESULTS
Three particle types were isolated: NT procapsid, which corresponds to the initial assembly product; NT capsid, which corresponds to the intermediate prior to autocatalytic cleavage; and WT capsid, which is the fully mature particle. NT procapsid and WT capsid were each analyzed by Methods 1 and 2 to quantitate the similarity of their quasi-equivalent environments. With respect to this analysis, NT capsid is indistinguishable from WT capsid. Variance maps were also computed for all three particle types to quantitate their dynamic character. In contrast to temperature factors computed with X-ray crystallographic data that reflect atomic motion at angstrom resolution, the variance plotted on the voxel arrays presented here corresponds to an average occupancy. Thus, the variance describes the number and extent of microstates sampled by the particles as projected in the entire image collection.
The T = 4 surface lattice of NωV has quasi-3-folds, quasi-6-folds, and also two different quasi-2-fold axes that, together, provide a convenient way to compare the fidelity of subunit super positions ( Figure 1A ). These relationships correspond to only six unique pairwise subunit super positions because of the combination of quasi and icosahedral symmetry operations. In our analysis below, we chose to highlight a specific set of super positions that emphasize the molecular switching required to form an icosahedral-shaped particle in the compact capsid, but the relationships can also be described in other ways. In the compact, faceted capsid, the quasi-2-fold axes correspond to a "flat" interaction between trimers A1, B1, C1 and D1, D7, D9, and a "bent" interaction between trimers A1, B1, and C1 and A5, B5, and C5 ( Figure 1A ). Hereafter, in our geometric description, we refer to these quasi-2-fold axes as "flat" and "bent", although, as described below, they are nearly equivalent in the procapsid.
NT procapsid
By choosing quasi-symmetry axes that are constrained to pass through the center of the particle, Method 1 shows ( Table 1) that when superimposing subunits related by the quasi-3-fold symmetry element, A1 on B1 (blue and red) has an RMSD of 3.64 Å, B1 on C1 (red and green) has an RMSD of 2.11 Å, and C1 on A1 (green and blue) has an RMSD of 4.34 Å. When superimposed by the adjacent quasi-2-fold symmetry element at the "flat" contact ( Figure 1 ) between subunits C1 and D1 (green and yellow, respectively), the RMSD is 1.33 Å. The same operator relates subunits B1 and D7 (red and yellow) with an RMSD of 2.69 Å and A1 and D9 (blue and yellow) with an RMSD of 4.36 Å. Overall, the small RMSD values produced by Method 1 demonstrate that the quasi-symmetry relationships are nearly as precise as the perfect icosahedral symmetry relationships, which implies that there is exceptional similarity in the subunit environments. Furthermore, the procapsid geometry is consistent with the spherical shape approximation (i.e., the subunits all lie at approximately the same radius and in the same orientation with respect to the particle center) that is imposed by forcing quasisymmetry axes to pass through the center of the particle. Allowing six degrees of freedom to superimpose the subunits in the NT capsid in Method 2 does little to improve the RMSD values or change the orientation of the axes (Table 2) .
The uniformity of the variance in the protein shell portion of the NT procapsid structure (Figure 2A, B) is striking yet consistent with the similar environments of all four classes of subunit. The relatively low value of the variance reflects minimum variation in the particle ensemble at the moment of flash freezing at neutral pH. This is further emphasized when the variance is plotted onto the tertiary structures of the individual subunit atomic models that were fitted into the procapsid density map ( Figure 3A ).
NT and WT capsids
We used the 2.8-Å X-ray atomic coordinates of 1OHF (Helgstrand et al., 2004) to perform geometric analysis of the capsid form of NωV. Given that these coordinates fit into the WT (cleaved) and NT (uncleaved) capsid cryoEM density maps with no significant variation from the crystal structure, only the X-ray coordinates were analyzed with Methods 1 and 2. The RMSD values for the The axes relating subunits in the procapsid (blue lines) and capsid (orange lines) are shown with a cartoon representation of the subunits at a quasi-6-fold axis. Subunits are colored according to Figure 1A .The orientations of the rotation axes are very similar, differing only by 3°. The axes that minimize the RMSD are roughly the same, but there are large differences in the RMSD value when comparing the same operator in the procapsid and capsid (Table 1) . (C) Method 2: Translation allowed in minimization of RMSD (six degrees of freedom). While the rotation axes in the procapsid retain similar orientations to Method 1, the directions of the axes differ significantly in the capsid demonstrating a large deviation from a spherical subunit distribution in the mature particle. RMSDs in Method 1 discerns the deviation of the subunits from a sphere (i.e., subunit centers are at the same radius from the center of the particle). b Symmetry axes are forced to pass through the center of the paricle. c Coordinates are in the VIPERdb format which is in the icosahedral convention: 2-fold(z-axis),3-fold,5-fold,(x-axis)2-fold. There are six unique relationships among the four subunits in a T = 4 quasi-equivalent surface lattice as shown in Figure 1 . RMSD values are computed for the superposition of A1-B1, A1-C1, B1-C1, C1-D1, B1-D7, and A1-D9. Additional relationships are equivalent by icosahedral symmetry although the orientation and rotation angle for the axes relating them are different. For example, when A1 is superimposed on B5 with the quasi-2-fold axis, we get an identical RMSD value as obtained for A1 on B1 related by the quasi-3-fold axis because B1 and B5 are related by the icosahedral 5-fold axis. The metric of interest in this method is the RMSD value of quasi-equivalent subunits. RMSDs in Method 2 discerns the differences in tertiary structure between subunits and are the same between procapsid and capsid. b Symmetry axes are free to take any orientation and position to minimize the RMSD. c Coordinates are in the VIPERdb format which is in the icosahedral convention: 2-fold(z-axis),3-fold,5-fold,(x-axis)2-fold. There are six unique relationships among the four subunits in a T = 4 quasi-equivalent surface lattice as shown in Figure 1 . RMSD values are computed for the superposition of A1-B1, A1-C1, B1-C1, C1-D1, B1-D7, and A1-D9. Additional relationships are equivalent by icosahedral symmetry although the orientation and rotation angle for the axes relating them are different. For example, when A1 is superimposed on B5 with the quasi-2-fold axis, we get an identical RMSD value as obtained for A1 on B1 related by the quasi-3-fold axis because B1 and B5 are related by the icosahedral 5-fold axis. The metric of interest in this method is the orientation and rotation of the axes that minimizes the RMSD.
subunits corresponding to those in the capsid as generated by Method 1 were C1-D1, 6.9 Å; B1-D7, 9.1 Å; A1-D9, 16.8 Å; A1-B5, 13.5 Å; A5-C1, 14.8 Å; and B1-C1, 10.1 Å. The icosahedral shape of the capsid is inconsistent with the spherical approximation imposed in Method 1, and this is strikingly demonstrated by the large RMSD values that reflect quasi-equivalent environments that have differentiated dramatically from what they are in the procapsid. Method 2 provides a description of the geometric reorganization of the particle (Table 2 ). The low RMSD values demonstrate that there are only slight differences among the tertiary structures of the four subunits, and the six degrees of freedom used to carry out the super positions via Method 2 reveals the details of the differentiation of subunit environments required to form the new quaternary structure. The variance maps of NT capsid and WT capsid based on their respective cryoEM reconstructions differ significantly (Figure 2) , which is in stark contrast to the indistinguishable nature of these densities when fitting the X-ray coordinates. The variance for the NT capsid is, on average, two to four times that of the WT capsid, which means that the NT capsid samples a much larger range of microstates. The variances for the NT and WT capsids, when plotted on the X-ray models fitted to the respective density maps, clearly illustrate their differences ( Figure 3B, C) . WT capsid ( Figure 3C ) displays the same uniform variance as does procapsid ( Figure 3A ) but with even lower overall values. The NT capsid ( Figure 3B ) exhibits extremely high variance in the internal helical domain in all four subunits, where the autocatalytic cleavage site is located. Although the variance of the jellyroll and Ig domains in the NT capsid is lower than that in the internal helical domains, it is still exceptionally high when compared to the same domains in the procapsid and WT capsid. The structural fluctuations of the NωV particles plotted as standard deviation maps corresponding to the square root of the variance with units of electron scattering density. The resolution of the standard deviation maps is~22 Å for NT procapsid,~22 Å for NT capsid, and~15 Å for WT capsid. Panels A, C, and E are surface views of the cryoEM density maps of the NT procapsid, NT capsid, and WT mature capsid, viewed along an icosahedral 2-fold axis of symmetry and color coded according to values of their normalized standard deviation. The non-cleaving NT capsid and the mature cleaved WT capsid exhibit the highest and lowest standard deviations, respectively, and the NT procapsid is intermediate to these two. Panels B, D, and F are the same as A, C, and E but with the front halves of the density maps removed to reveal the standard deviation values for the internal features of the three particles. (G) Plots of the distribution of standard deviation, now normalized to the nominal reconstruction, as a function of radius for each NωV particle. Colored solid portions of the plots correspond to the shell regions of the particles.
The extremely high variance of the internal helical domains of NT capsid strongly suggests that structural frustration is concentrated in this region. Detailed comparison of the pentameric helical domains of the A subunits and the helices formed by the same amino acids in the C and D subunits that occupy the interface at the flat quasi-2-fold axes ( Figure 1A ) is informative (Figure 4) . The disparity in variance values between the WT and NT capsids in these regions is so great that, when plotted over the same range, subtle differences in the local environments become all but impossible to discriminate. Hence, the models required independent re-scaling to enable gradations in the dynamics of the structural elements to be distinguished. This is emphasized by models that are color coded in different, nonoverlapped ranges. The greatest variance in both the NT and WT capsids occurs at helices that form pentameric bundles ( Figure 4A , B, top row), although the NT values are nearly double those of WT. Likewise, the variance values differ by a factor of two at the "flat" contact helices ( Figure 4A , B, bottom row). The crystal structure provides no indication that the helical regions associated with the A and B subunits (residues 614-644) contribute to the quasi-equivalent quaternary structure, whereas the same residues that form the switch helices in subunits C and D are crucial for differentiating subunit interface interactions.
DISCUSSION
N. capensis ω virus procapsid assembly occurs in the baculovirus expression system and, presumably, also during normal infection, at approximately pH 7. All features of the procapsid derived in this study are consistent with an assembly process that acts to minimize differences in the quasi-equivalent subunits. Quasi-symmetry axes, when forced to pass through the center of the particle (Method 1), relate subunits in the procapsid with much greater fidelity than those in the capsid forms (Table 1 ). The exceptional uniformity of the variance among the quasi-equivalent subunits as well as within the tertiary structures of the subunits ( Figure 3A) is consistent with the structural homogeneity revealed by Method 1 in the coordinate analysis. The biological challenge becomes one of assembling identical gene products into four structurally distinct environments. This is facilitated by minimizing the differences in those environments during initial assembly and probably enables the required reversibility for error correction. These properties are essential for proper assembly, but they do not confer the stability necessary to withstand harsh extracellular environments.
Late in the infection of the Lepidoptera insect gut cells by NωV, an apoptotic program is initiated with an associated reduction in pH to~5 (Tomasicchio et al., 2007) . Previous experiments showed that this change in pH initiates the maturation of procapsids to capsids, which results in a dramatic size change (contracting from a diameter of 480 to 410 Å) and morphological transformation (spherical to faceted icosahedron) in the particle (Canady et al., 2000) . The pH-induced maturation program sends subunits on remarkably diverse trajectories that radically alter their local environments. For example, the precepts of quasi-equivalence (Caspar and Klug, 1962) predict that the A/B and C/D contacts should be closely similar, and indeed they are in the procapsid. However, in the capsid, the former pair of subunits make a dihedral angle of~138°(bent), and the latter make an~180°(flat) dihedral angle ( Figure 1A) . The different interactions at these two interfaces are readily explained by the crystal structure, where a chock-like structural element, the "switch helix", is inserted in the C/D contact that prevents the hinge motion observed in A/ B. During maturation, native subunits undergo auto-proteolysis between residues 570 and 571, and this renders the chock, contributed by the C and D subunits, covalently independent but tightly associated with the particle by quaternary interactions. The N-termini of the cleaved residues in subunit A form pentameric α-helical bundles (Figure 4) , which are known to be dynamically exposed on the particle surface (Domitrovic et al., 2012) . The half-life of the cleavage event is~30 min, and the maturing particle gains stability that renders the transition to WT capsid irreversible. The NT capsid represents a legitimate maturation intermediate as it corresponds to the WT capsid prior to the first cleavage event.
The WT and NT capsids are morphologically indistinguishable at the spatial resolution of the cryoEM studies. However, the NT capsid shows structural variance that is two to four times larger than that in WT capsid and this is manifested primarily in the extraordinary dynamic character associated with the inner helical domains. These observations are consistent with the ability of NT capsids to reversibly expand when the pH is increased to 7.6 (Taylor et al., 2002) . Our analysis in this study clearly illustrates that auto-proteolysis in the C and D subunits acts to stabilize particles by allowing the helical chock to reach the ground state that is not accessible in the NT capsid. A strikingly different role of auto-proteolysis, played by A-subunit-derived γ peptides, is membrane lysis associated with translocation of the viral genome (Domitrovic et al., 2012) . Thus, the NωV WT capsid provides a remarkable example in which identical amino acid sequences can assume radically different roles in the virus life cycle as a consequence of quasi-equivalence.
The energetics of virus maturation provides some insights about convergent evolution. In NωV, maturation is driven by pH reduction and associated particle reorganization that creates active sites for autocatalytic cleavage and a metastable particle with an energy landscape that drives the proteolysis. As slow cleavage progresses, the particle transforms in an incremental fashion from a metastable state to a "ground state." The dsDNA bacteriophage, HK97, proceeds in a very different manner with capsid subunit tertiary structure and assembly controlled by a scaffolding domain (residues 2-103) of the subunit (Huang et al., 2011) . The quaternary structure of the HK97 procapsid locks the subunit tertiary structure in place and a virally encoded protease removes the scaffold domain, which then renders the particle metastable as a result of a frustrated tertiary structure (Duda et al., 1995) . Packaging of the dsDNA genome triggers HK97 maturation, and this occurs as a binary, large-scale expansion (Gan et al., 2004) . Thus, NωV moves incrementally to its ground state with a reduction in size, whereas the HK97 procapsid transitions as a two-state system to its ground state with expansion. Both processes generate energy landscapes that favor maturation but by dramatically different pathways.
CONCLUSION
We conclude that each stage of NωV assembly coordinates maturation by varying molecular recognition components. This is done by first gathering subunits with minimal variation into a fragile but stable procapsid at pH 7 and then electrostatically driving a massive subunit reorganization into a metastable intermediate at pH 5 that provides the driving force for an autocatalytic cleavage that allows the entire subunit organization to reach a ground state.
